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Abstract

Mixtures of HS(CHj3)10CO2H and HS(CHj);0CH3 adsorb onto gold from solution
in ethanol and form densely packed, oriented monolayers. These monolayers expose a
combination of polar carboxylic acid groups and nonpolar methyl groups at the surface.
By varying the concentrations of the two thiols in solution the density of carboxylic acids at
the surface and the polarity of the monolayer-liquid interface can be controlled. The
technique of contact angle titration was used to study the acid-base properties of these
mixed monolayers as a function of the composition of the monolayer. The contact angles
of water were constant at low pH (< 6) and decreased at higher values of pH. Similar
behavior has been observed for polyethylene carboxylic acid (PE-CO2H). Unlike PE-
COxH, the contact angles on the monolayers on gold did not level out at high pH: 6
contmued to decrease eaﬂoxyhc acids at the monolayer—water mterface were less acidic
than carboxyhc ac1ds.3n soluuon The pH at which carboxylic acids in the monolayer were
first ionized increased as the concentration of carboxylic acids in the monolayer decreased.
The extent to which the free energy of ionization of the carboxylic acids is reflected in the
advancing contact angle appears to be different for PE-COzH and for monolayers of acid-

terminated thiols on gold. The general problem of reactive spreading is discussed.




Introduction

= Monolayers formed by the spontaneous assembly of organic thiols from solution
onto gold provide a high degree of control over the chemistry and structure of an organic
surface.3-8-In this paper we exploit the flexibility of these self-assembled monolayers to
study the influence of the polarity of an interface on the acidity of carboxylic acids.
Methyl-terminated thiols, such as HS(CI-fz\)}](SCH?, adsorb from solution onto gold and
form non-wettable, hydrophobic surfaces composed predominantly of nonpolar methyl
groups. Thiols terminated by carboxylic acid groups form hydrophilic monolayers that are
wetted by watet:3-By coadsorbing mixtures of HS(CI-E)RCI-};\ and HS(CHE)\foC(ﬂH in
various mole fractions, we can synthesize surfaces in which the cartoxylic acid groups are
surrounded largely by nonpolar methyl groups, by other polar acid groups, or by mixtures
of the two> “This system also allows us to examine the effect on the advancing contact
angle of a chemical reaction occurring at the interface between a drop and a surface — in
this case, neutralization of a carboxylic acid by aqueous base. Reactive spreading appears
to be complex and may lead to different wetting behavior for the same chemical reaction on
different substrates.

A knowledge of the acid-base properﬁes of carboxylic acids and other organic acids
and bases at solid-liquid interfaces is important for understanding phenomena as diverse as
the stability of colloids, the folding of proteins and the mechanisms of catalysis by
enzymes, The considerable interest in these phenomena has led others to study the acidity
of carboxylic acids at interfaces and to prepare surfaces composed of carboxylic acids.”
Surfaces containing at least some carboxylic acids have been created by cutting stearic acid
crystals,8 by oxidizing the surfaces of polymers9-11 and of monolayers of olefinic
siloxanes adsorbed on silicon,!213 and by adsorbing carboxylic acid-terminated dialkyl
disulfides!4 or dialky! sulfides!5 onto gold. Some of these systems are poorly

characterized® or unstable,215 or expose functional groups other than carboxylic acids at
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the surface.-1! None!¢ offers the control over the structure of the solid-liquid interface
that is possible in monolayers of thiols on gold.

The degree of ionization of carboxylic acids as a function of pH has been studied at
the interface between aqueous solutions and organic solvents or air,17-19 in micelles20.21
and vesicles,2? and in Langmuir-Blodgett monolayers23 spread on water.24-28
Experimental approaches have been both direct, such as chemicall8.25 or infrared26
analysis of skimmed films or foams, or direct potentiometric titration20-22 of large surface
area systems, and indirect, by inference from changes in surface potential, 2024 interfacial
tension17.18 or the collapse pressure24.29 and desorption kinetics?8 of Langmuir-Blodgett
monolayers. Of all these techniques, only direct titration can easily be applied to the solid-
liquid interface and then only to highly dispersed systems, which are harder to characterize
than smooth, flat surfaces.30

" In this work we examine the contact angle of water on the monolayers as a function
of the pH of the water, a technique known as contact angle titration.!131.32 Holmes-
Farley et al.11 have shown previously that the contact angle of buffered drops of water is
sensitive to the state of ionization of functional groups covalently bound at the surface of
functionalized polyethylene. For example, low-density polyethylene film can be oxidized
with chrorrﬁc acid to produce a functionalized interphase which contains a high density of
carboxylic acids and ketones and/or aldehydes (PE-CO,H). The contact angle on PE-
CO,H is independent of pH at low pH, decreases between pH 5 and 11, and levels out at
higher pH (Figure 1).1! Surfaces containing basic groups may also show titration curves.
On some derivatives of polyethylene containing surface amines, the contact angle increased
with increasing pH due to deprotonation of ammonium salts.3! Holmes-Farley et al. made
three key observadons in their study of PE-CO;H that are relevant here. First, the apparent
pK |, — the solution pH at which cos 8 is midway between its plateaux at high and low
pH — of carboxylic acids at the polyethylene-water interface was higher (by

approximately 3 pH units) than the pK, of carboxylic acids in aqueous solution. The initial
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Figure 1. Advancing contact angles measured with sessile drops under air on PE-CO,H as
a function of the pH of buffered aqueous drops (after Ref. 11). The dashed line indicates

the value of pKjp,, the value of the pH at the midway point in cos 8 between the plateaux at

low and high pH.




pH at which ionization was detectable by contact angle was also ~3 pH units higher than
we would expect from the pK, of carboxylic acids in solution. Second, the titration curve
was broader than is observed for monocarboxylic acids in solution. Third, the extent of
ionization, calculated on the assumption that cos 8 varied linearly with the degree of
ionization, agreed with infrared analysis of dry samples after equilibratibn with buffered
solutions. Here we extend the technique of contact angle titration to monolayer systems.

Although the experimental observations on PE-CO,H seemed to fit a simple model
involving a change in the hydrophilicity of the surface accompanying the conversion of
carboxylic acids to carboxylate ions, three subsequent observations have hinted that the
situation may be more complex. First, an examination of the wetting of a series of
polyethylene samples containing surface functional groups with a wide range of polarity
has established that there seems to be a limit to the hydrophilicity of the surface that is
observed. Beyond a certain point, no matter how hydrophilic the functional group, the
advancing contact angle of water was constant at 8,(H20) = 20-25°; lower values were
virtually never observed.3! Thus, it is possible that the levelling of 8,(H20) observed on
PE-CO2H at high pH represents an intrinsic limit to the contact angles on this material
(imposcd, we believe, by the heterogeneous nature of the surface). The contact angles on
some other polyethylene derivatives did, however, level out at high pH at valués above this
apparent lower limit (e.g. 50° for PE-CONH(CH3)2PO(OH)7).3! Second, samples of
polyethylene containing acyl anthranilates at the surface (PE-CONH-CgHy-0-CO2H)
exhibited a very much larger total change in contact angle with pH (8,(H20, pH 1) =110°;
8a(H20, pH 13) = 30°) than does PE-CO2H itself,33 even though the densities of
carboxylic acid groups at the surface are comparable. This observation suggests that the
contact angles on polyethylene functionalized with carboxylic acids may be determined by
factors other than density of carboxylic acids at the surface; for example, the

conformational mobility of the functional groups. Third, the hysteresis in the contact angle




of water on PE-COzH is very large: 6,(H20) = 0° at all values of pH. PE-CO,H is, at
best, a very non-ideal system.

The contact angles of water on monolayers (adsorbed on gold) that contained
carboxylic acids at the monolayer-water interface were especially interesting because the
shape of the titration curves of the monolayers appeared to be qualitatively different from
that of PE-COqH. These differences raise the question of how to describe acid-base
reactions occurring at interfaces, and, more generally, of how to model reactive spreading
theoretically. We present a simple model that incorporates the energy of reaction into the
calculation of contact angles and discuss the e;ctcnt to which our data fit the model.

Nomenclature. We use terms such as "monolayer of an alkanethiol” to refer to
monolayers formed from a solution of an alkanethiol, although the actual species on the
surface is probably a thiolate, RS-.334 We apply the term "reactive spreading” to
situations in which the drop of liquid reacts chemically with the surface upon which it is
placed. We also include under this term the adsorption of monolayer films on the surface
from components in the drop. We use terms such as "acid surface" as shorthand for the
cumbersome phrase "surface of a monolayer that exposes predominantly carboxylic acid
groups at the monolayer—air or monolayer-liquid interface”. The contact angle, 6, is
described according to the following convention.3 The subscript, a orr, after 8 designates
whether the edge of the drop was advancing or receding across the surface before the
measurement was made. The superscript after 8 designates the medium in which the
measurements of the contact angles were conducted. The probe liquid used is expressed in
parenthesis after 6. Thus, gaCs (H,0) refers to advancing contact angles of water
measured on a substrate immersed in cyclooctane (Cg). Interfacial tensions are designated
Yab Where we use the subscripts s, v, 1, and 1' to refer to the solid, vapor, liquid in the
drop, and liquid in the surrounding medium, respectively.

Theory. To rationalize the variation in the ezir(HZO) with pH on surfaces of PE-

CO;H (Figure 1), Holmes-Farley et al.!! started from Young's Equation:33




Yiv €08 6 = Ysv - sl (1)

and then made two assumptions. First, 1y and Ysy are independent of pH. Second, the
change in the solid-liquid interfacial free cnergy, &ys1, with changes in pH depends linearly
on the fraction of carboxylic acids, c;, converted to carboxylate ions. The second
assumption is the same as that employed in early studies by Peters and Danielli of the
variation of interfacial tension with pH at the interface between aqueous solutions and
organic solutions of carboxylic acid and amine surfactants.!? The titration of functionalized
polyethylene surfaces could apparently be rationalized satisfactorily with this empirical
model. Below pH =5 and above pH = 11 there was no change in the extent of ionization
with pH and hence no change in the contact angle. Between pH =5 and 11 the contact
angle decreased as the degree of ionization, and hence the hydrophilicity, increased. The
essence of this model is that changes in the contact angle are determined by differences in
the hydrophilicities of carboxylic acids and carboxylate ions. The free energy of ionization
affects the contact angle only to the extent that it influences the difference in hydrophilicity
between the ionized and unionized carboxylic acid groups.

. If we are to apply this model generally to other surfaces and other systems, we
encounter two conceptual problems. First, the model is essentially static: no explicit
account is taken of the free energy of reaction (in this case, the ionization of a carboxylic
acid) as the drop advances over the surface. For cases in which the spreading coefficient36
is positive, Hoffman has shown that excess free energy can be dissipated by viscous
processes in a precursor film extending beyond the macroscopic drop edge.3” For
systems which exhibit finite contact angles, it is not clear how the free energy of reaction is
dissipated without influencing the contact angle. Intuitively, we might expect a negative
free energy of reaction to drive the advance of the drop edge even if the surface after

reaction were less wettable than the surface before reaction. Second, it is difficult to




choose a reference state for ¥s) that is consistent with the assumptions made in the model.

The solid-liquid interfacial free energy, ¥s1, is defined by38
Ysl = Ysv + Yiv — Wadhesion (2)

where Wadhesion is the work of adhesion of the aqueous solution to the polyethylene
surface. The model proposed to rationalize the behavior of PE-CO2H assumes that v is
independent of pH at high pH. If we choose the reference state for Ysv in (2) to be PE-
COsH, then wadhesi-on, and hence ¥s1, are dependent on the pH of the drop if the surface is
ionized. If we choose PE-CO2-M as the reference state for Ysy, then Wadhesion, and hence
¥s1, are dependent on the concentration of the counterion, M, in solution. With the latter
choice of reference state, the contact angle at low pH would be dependent both on pH and
the concentration of the counterion.3?

Contrary to the bchayior observed on PE-COsH at high pH, the contact angles of
buffered drops on mixed monolayers of HS(CHj)10CH3 and HS(CHj3)190CO2H on gold
did not level out at values of pH accessible with aqueous drops (see below: Figure 3). To
try to understand the titration curves of the monolayers, we attempted to incorporate the
energy of reaction explicitly in Young's equation.

We assume that (1) the aqueous drop and the surface are in thermodynamic
equilibrium; (2) the surface is flat and homogeneous; (3) the drop is bounded by a well-
defined three-phase line and ionization is confined to the region within this boundary; (4)
the carboxylic acid groups at the surface are characterized by a unique, intrinsic40 pKj that
is independent of the degree of ionization; (5) the effective pH at the solid-aqueous interface
is the same as the bulk pH. Assumptions (4) and (5) can be relaxed to allow for double
layer effects and for specific interactions between carboxylic acids and carboxylate ions
without changing the slope of cos 0 against pH at high pH.

The ionization constant, Ky, is defined by




[RCOJ(H"]
8= [RCOAH] ®)

where a complete manolayer is defined to be at unit concentration. In terms of the degree

of ionization, .,

+.

a[H ] s
1= 1) 4)
= log(T%) =pH - pK, (5)
(H']
and la="—"— 6)
(H']+K,

The difference between the two interfacial tensions that occurs in the r.h.s. of Young's

equation can be broken down into two components, AG; + AG3.
Ysl - Ysv = AG1 + AG) €))

Here AGj is the free energy of immersion of a carboxylic acid surface into water without

any ionization of the acid groups. If this quantity is assumed to be independent of pH, then
AG1=-nycos O (pH=1) 3)

AG3 is the change in free energy arising from the ionization of a fraction a of the
carboxylic acid groups at the surface. If there are n carboxylic acid groups per unit area of

the surface, AGy is equal to n times the free energy change for

RCO;H —> (1-a) RCO2H + ¢ RCO2" + a HY 9
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AG3 can be evaluated by integrating the free energy change for reaction (9) from extent of .

reaction x = 0 to x = a.4! For solutions buffered at a fixed value of pH,

: x[H;"]
AGy = f (-nkTInK 3 + nkTIn—(l—_x—)—) dx (10)
0
a
= f (2.3nkT(pK s - pH) + nk'l‘ln(—l’:(;j) dx (11)
0

=2.3ankT(pK, - pH) + nk'r(aln-lf“—a +In(1 -a) (12)

Using (5)

AG2 =nkTIn(l-a) (13)

Substituting (6), (7), (8) and (13) in (1)

+.
ccsB=cosO (pH=1) - nylell( (H ] ) (14a)
v \[H"+K

cos @ =cos 8 (pH =1) +2%Mlog(l + IOPH'pK‘) (14b)
v

At low pH, [H*] » K,
cos @ =cos O (pH=1) (15)

At high pH, [H*] « K,
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2.3nkT
cos @ =cos @ (pH=1) + —Y_[pH -PK4 (16)
: lv

A graph of cos 0 against pH is predicted to be constant well below the pKj of the
carboxylic acid, and to increase linearly with a slope of 2.3nkT/yjy well above the pKa.
Thus, if we take the energy of ionization into account, the predicted form of the dependence
of the contact angles on pH is very different from that observed for PE-CO2H, or from that
predicted solely on the basis of the hydrophilicities of the functional groups.

Physically, the incrcasé in cos O predicted by eq (16) at high pH (that is, when
o — 1) arises purely from the entropy of dilution of the protons released by ionization of
the carboxylic acids. Specific interactions between carboxylic acids and carboxylate anions
would increase the acidity of the carboxylic acids at low & and decrease the acidity at high
.42 The effect of specific interactions would be to broaden the transitional region between
the low and high pH behavior, but the contact angles at high pH (i.e. sufficiently basic that
essentially all the carboxylic acids are ionized: o — 1) would be the same ason a
monolayer in which the pK, was independent of & and equal to the mean value of the pK,
in the presence of specific interactions. Field effects would also broaden the transitional
' regime. The slope of a plot of cos 6 against pH would be the same as that in the absence of
field effects, but the curve would be translated to higher values of pH.

Hydrophilicity appears in this model indirectly through its relationship to the pKa:
the more hydrophilic the carboxylate anion, the lower the pKj,. Surfaces with different
values of pK, would give rise to a family of curves of cos 6 against pH that were parallel at

high pH.
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Results

We immersed gold slides overnight in mixtures of HS(CH2)10CH3 and
HS(CH2)10CO2H in ethanol at room temperature to form monolayers containing a mixture
of carboxylic acid groups and methyl groups at the surface. In Figure 2 we plot the
advancing contact angles of water and hexadecane on the mixed monolayers as a function
of the composition of the solution.#3 In general, the composition of a monolayer adsorbed
from a solution containing two thiols does not mirror the relative concentrations of the two
components in solution.44 In a previous study,’ we used X-ray photoelectron
spectroscopy to determine the relationship between the advancing contact angle of water
and the composition of mixed monolayers of HS(CH3)19CH3 and HS(CH32)10CO2H.
Using this relationship, we can derive the compositions of the monolayers from the contact
angles in Figure 2.

Under air as the ambient medium, it is impossible to obtain a contact angle titration
for the pure acid surface because the monolayer is wet by water at all values of pH. A
well-established technique for increasing the contact angles of water is to perform the
measurements under an inert, immiscible solvent.45 Cyclooctane (Cg) was a suitable
solvent for this purpose: the contact angles measured under cyclooctane were higher than
under other liquids surveyed4é and varied little with temperature. Cyclooctane is relatively
non-volatile and can be obtained in high purity at low cost. An incidental advantage of
measuring contact angles under cyclooctane was a reduction in the rate of contamination of
the acid surfaces, which is rapid in the laboratory atmosphere. Under cyclooctane, the
contact angle of water at low pH on a pure carboxylic acid surface was 30-40°, permitting
at least a partial titration curve on all the monolayers (Figure 3).47

Figure 3 plots 9 §:8 (H,0) against pH for the monolayers adsorbed from solutions
containing mixtures of HS(CH3)19CH3 and HS(CH3)10CO2H. Each titration curve is

labelled with the percentage of the chains in the monolayer that were terminated by
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Figure 2. Advancing contact angles of unbuffered, distilled water (pH = 5.3, filled
circles) and hexadecane (open circles) measured with sessile drops under air on monolayers
adsorbed onto gold from solutions containing mixtures of HS(CH3)10CH3 and
HS(CH3)10CO2H. The abscissa represents the mole fraction of HS(CH3)19CO2H in

solution.
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(H,0)

Cs
0a




13

carboxylic acid groups. The contact angles on the pure monolayer of HS(CH3);10CHj3,
which contains no ionizable groups, provided a useful control. Since the contact angles on
the pure methyl-terminated monolayer were independent of pH, we are confident that
changes in 6 with pH on the other monolayers reflect ionization of the carboxylic acids and
are not artifacts arising from changes in yy, or from degradation or reconstruction of the
monolayer.48 We note a number of features of these titration curves. First, the contact
angle on all the monolayers.containing carboxylic acids was constant at low pH and
decreased linearly at high pH. The titration curves did not level out at high pH on any of
the monolayers for which we could obtain complete titration curves, in contrast to the
contact angles of water on PE-CO2H (Figure 1). Second, the break-point in the titration
curve of the 100% acid surface occurred at pH = 6, the same pH as was observed on PE-
COzH. If the changes in 6 result from ionization of carboxylic acids, as we believe they
do, then the most ionizable groups may be in similar environments in PE-CO;H and in a
monolayer of HS(CH3)10CO2H on gold. Third, the onset of ionization moved to higher
values of pH as the proportion of carboxylic acids in the monolayer decreased. The break-
point in the titration curves moved from pH = 6 to pH = 9 as the proportion of the
components of the monolayer that were terminated by carboxylic acid groups decreased
from 100% to 14%.

The most intriguing feature of the data in Figures 1 and 3 is the different behavior at
high pH of the contact angles of water on PE-CO;H and on the monolayers on gold. To
ensure that the differences between the two substrates is not an artifact of the different
techniques used to measure the contact angles, we compared the contact angles on PE-
CO2H and on monolayers on gold under a common inert solvent. Unfortunately, we were
not able to use cyclooctane: hydrocarbons swell polyethylene. Perfluorocarbons do not.
Figure 4 plots the contact angles of water on three samples immersed in perfluorodecalin:
PE-COzH, a pure monolayer of HS(CHj3);0CO2H, and a monolayer adsorbed from a 1:1
mixture of HS(CH3)10CO2H and HS(CHj3)19CHj3. Since perfluorodecalin is denser than
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water, we employed the captive drop rather than the sessile drop technique for these
measurements.*9 Although pérﬂuorodccalin does not cause bulk swelling of polyethylene,
it does induce a reconstruction of the polyethylene-liquid interphase.50 The initial contact
angle of water on PE-CO,H increased as the time of immersion of the PE-CO;H in
perfluorodecalin before the drop of water was placed on the surface increased. The contact
angle of a drop of water resting on the surface slowly decreased. We found that stable
contact angles could be obtained with acidic or basic drops, provided that the sample of PE-
CO,H was immersed in the perfluorodecalin for at least ten minutes before a drop of water
was placed on the surface, and a further ten minutes allowed to elapse before the contact
angle was measured. We presume that the surface reconstructs in contact with
perfluorodecalin to bury the polar carboxylic groups but reexposes them when a water
droplet is applied. The contact angles on the monolayer samples did not vary with time.
Figure 4 shows that, at high pH, the titration curve of PE-CO,H levelled out, as it does
under air, but the contact angles on the mixed monolayer still declined linearly. The
difference in shape between the titration curves of polyethylene and the monolayers on gold

at high pH thus appears to be real.
Discussion

Acidity of Carboxylic Acids at the Surface of Monolayers on Gold. Ideally,
we would like to extract thermodynamic quantities, such as the pK, or pK .2, from the
titration curves. In practice, the titration curve of the pure acid surface is cut off by 8, = 0°,
and the relationship between o and cos 0 is unclear, preventing the determination of ¢ither
of these quantities. A value that we can extract from these data is the pH at which
significant ionization (in the sense that it causes a measurable change in the contact angle)

first occurs.
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Most of the previous studies!?.24.26-28 on carboxylic acids at interfaces yielded
estimates of the pK, in the range 7-10. The apparent pK, is not, in general, a unique
quantty. Even if the intrinsic pKj is a constant, field effects can cause the apparent pKj to
increase with the degree of ionization, a. The values of pKj quoted have generally been
taken to be the pH of half-ionization, pKj2, which is a well-defined quantity. In addition
to double layer effects, the pKj, may vary with a due to a range of local environments of
the carboxylic acid groups, or from specific effects such as ion-pairing or H-bonding.
Some authors24.26 have attempted to use Gouy-Chapman theory to correct for the effects of
the electrostatic double-layer and hence to obtain an intrinsic pKj for the carboxylic acids.
The values of pKj that they obtained were generally 1-2 pH units higher than the solution
value. Other authors have criticized this approach3! and have obtained results
incompatible with Gouy-Chapman theory.!8:22 Whatever the details of the dependence of
the pKj on @ may be, field effects do not change the pH of the onset of ionization. This
pH is clearly higher on the monolayer of HS(CHj3)19CO2H (~6) than for carboxylic apids
in aqueous solution (~3). The onset of ionization occurred at the same pH on the
monolayer of HS(CH3)10CO2H and on PE-CO,H, which suggests that the most ionizable
groups are in similar environments in these two surfaces.

As the carboxylic acids at the surface of the pure acid monolayers were
progressively diluted with methyl groups, the onset of ionization moved to higher pH: from
pH = 6 for the 100% acid surface to pH = 9 for the 14% acid surface. In part, this shift is
only apparent, arising because a higher proportion of the carboxylic acids in the dilute
surfaces must be ionized before a measurable change in the contact angle occurs. In part, a’
real shift arises from the changing environment of the carboxylic acids. The effects of
structure and environment on acidity in solution are well-known32 and suggest at least two
factors that might contribute to the decrease in the intrinsic acidity of carboxylic acids at the
interface, relative to carboxylic acids in solution, and to the decrease in acidity with

decreasing polarity of the interface. First, the ions formed by dissociation of the carboxylic
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acid are strongly stabilized by "electrostatic solvation”,3 the strength of which is
dependent on the dielectric constant of the medium. For example, the pK, of acetic acid
increases from 4.7 in pure water to 10.1 in 82% dioxane/18% water.34 Replacing
carboxylic acids at the monolayer-water interface by methyl groups decreases the local
dielectric constant and might thus decrease the acidity of the carboxylic acids. Second, the
steric bulk of adjacent chains at the surface of the monolayer might hinder the formation of
hydrogen bonds between the carboxylic acids and water. An analogy from solution
chemistry is the difference between the pKj of t-butylmethylneopentylacetic acid (6.97) and
acetic acid (5.55) in 1:1 methanol/water.55

The flexibility of the technique of self-assembly will allow several natural
extensions of the work presented in this paper. For example, by employing a methyl-
terminated chain that is slightly longer than the carboxylic acid-terminated chain, the acidity
of the carboxylic acids could be monitored as a function of the depth that they are buried
below the monolayer-solution interface.- Alternatively, other functional groups could be
introduced into the surface of the monolayer in order to stabilize or destabilize the
carboxylate anions.18.56

Effect of the Energy of Reaction on the Contact Angle. One of the most
puzzling, and potentially most interesting, aspects of this work is the apparent difference in
the dtration behavior of the monolayers containing CO2H groups and of PE-CO2H at high
pH.37 It is possible that the titration curves of the monolayers do actually level out, but not
at basicities accessible with aqueous drops. The titration curve would have to be much
broader for the monolayers than for PE-CO;H. Within Gouy-Chapman theory, the
maximum broadening of the titration curve due to double-layer effects would be 3 pH units
under our experimental conditions, and less on the monolayers containing fewer carboxylic
acids.’8 Even after adding this broadening to the width of a titration curve of a
monocarboxylic acid in solution (~2 pH units), we would expect to see the titration curves

level out in the accessible range of pH. If, in addition, the intrinsic pKjy varied with & (that
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is, the monolayers behaved as polyacids), it is possible that a sigmoidal titration curve
might extend beyond pH =14. We note, however, that none of the previous studies on
carboxylic acids at aqueous interfaces suggested that carboxylic acids remained unionized at
pH 14, Furthermore, it is not clear why the titration curve should be much broader for
monolayers than for PE-CO;H. In PE-CO2H the intrinsic pKj, of the carboxylic acids
may, in principle, be influenced by electronic and steric effects, by variations in the
dielectric constant of the local environment, and by H-bonding between carboxylic acids
and carboxylate anions. In monolayers only the last of these effects is likely to be
significant. Further experiments will be necessary to determine incontrovertibly the form
of the titration curves of the monolayers at high pH.59

If, in fact, the titration curves do not level out at high pH, then it is likely that the
free energy of ionization is instrumental in determining the contact angle. The form of the
contact angles agrees qualitatively with the theoretical prediction of eq (16), but refinement
of the theory (or a better understanding of the data) will be necessary for quantitative
agreement. The observed slopes are less (by a factor of 2 to 4) than those predicted from
eq (16) and vary little with the composition of the surface, contrary to the linear dependence
on n predicted theoretically (Table I).

Reactive Spreading: General Comments. The contact angle titrations of the
carboxylic acid surfaces raise the general question of how best to incorporate the energy of
reaction into the theory of wetting. Reactive spreading is a complex topic that has not been
extensively studied theoretically. The models presented by Holmes-Farley et al.!! and in
this paper are by no means the only ones for reactive spreading. Ti1c early study by Hare
and Zisman$0 of the spreading of n-alcohols and r-alkanoic acids on high-energy surfzces,
such as silica, alumina and platinum was consistent with neither of these models. The
liquids in that study adsorb onto silica, alumina or platinum and form oriented monolayers
that expose nonpolar methyl groups at the monolayer-liquid interface. The model of
Holmes-Farley et al. would predict spreading of these liquids due to the high value of Ysy.




Table I. Measured and Predicted Values of ' x Slope of Cos 6 against pH, for Various
Mole Fractons of Carboxylic Acid in Mixed Monolayers of HS(CH2)10CH3 and

HS(CH3);0CO2H
xCOH Expt (mN/m)3 Theory (mN/m)b
0.14 1.7 6
0.25 5.3 11
0.32 5.8 14
0.41 6.2 18
0.73 7.3 32
1.00 - 44

a Derived from the linear portions at high pH of the curves in Fig. 3. b Calculated from eq
(16) with n = 4.7 x 1014 cor2 for the 100% acid surface, i = SO mN/m.
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The model presented here would predict spreading because of the large negative free energy
of adsorption of the alcohols and acids on the substrates. The liquids did not spread,
however, and exhibited sharp three-phase lines and contact angles typical of substrates
coated with a pre-adsorbed monolayer of the liquid. In the experiment of Hare and
Zisman, the vapor pressures of the liquids were sufficiently high that monolayers might
have adsorbed from the gas-phase in advance of the drop edge. We have observed the
same result, however, for less volatile liquids, such as hexadecanethiol on gold or
octadecyltrichlorosilane on glass.8! Recent advances in the theory of spreading62 suggest
that a thin precursor film extends in front of an advancing drop edge if the spreading
coefficient36 is greater than zero. A monolayer film, which would not be wetted by the
liquid, could adsorb onto the substrate from the precursor film. The free energy of
formation of the monolayer would be dissipated in the precursor film. The drop of liquid
would only spread until the contact angle reached the value of the advancing contact angle
on the monolayer-coated substrate. We note that if ionization of PE-CO7H were to occur
beyond the drop edge, so that aqueous drops spread over a surface with the same degree
of ionization as the surface beneath the drop, an approach based on relative hydrophilicites
of functional groups, such as that developed by Holmes-Farley et al.,!! may well be
correct. If the monolayer-forming material is present as a dilute solution (~1%) in a solvent
that does not wet a monolayer-coated surface, a range of interesting behavior may occur.5!
For example, the drop may first spread and then retract, or it may travel across the
surface.54 A detailed discussion of these phenomena is beyond the scope of this paper.

It is unlikely that any single rnodél applies to all cases of reactive spreading. The
actual behavior may depend on the rate and free energy of reaction, the viscosity and
surface tension of the drop, the wettability of the substrate before and after reaction, and the

heteroger.eity of the surface.
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Conclusions

The environment of carboxylic acids at the solid-liquid interface can be controlled
by using mixed monolayers of thiols adsorbed from solution onto gold. The contact angle
of water on monolayers formed by coadsorption of HS(CH3)190CH3 and HS(CH>);9CO;H
was constant at low pH and decreased at high pH. The shape of the titration curve was
qualitatively different from that on oxidized polyethylene (PE-COH). The free energy of
ionization may have a greater influence on the contact angle of water on the monolayers
than on PE-CO;H. On PE-CO2H consideration of the different hydrophilicities of the
carboxylic acids and carboxylate ions lead to a plausible model for the interpretation of the
titration curves.!! The titration curves of the mo..olayers agree qualitatively with the
predictions of a simple model in wnich changes in 0 are due to the free energy of
ionization. A better theoretical understanaing of reacive wetting will be necessary to obtain
quantitative agreement with the experimental data and to derive thermodynamic quantities,
such as the pKj or pK; of the carboxylic acids at the monolayer-aqueous interface.

Reactive spreading is clearly a complex topic in which a number of different types
of interesting behavior are possible. A full understanding will require not only
consideration of the equilibrium thermodynamics of the three-phase line, but also the
dynamics of the spreading drop.

The acidity of the carboxylic acids at the surface of an organic monolayer on gold
was lower than the acidity of carboxylic acids in solution, and decreased as the interface
was made progressively less polar. The changes in acidity can be understood by
comparison with parallels in solution. At biological pH (~7) only the pure carboxylic acid
surface was significantly ionized.

The modifications we made in the environment of the carboxylic acids at the surface
of the monolayer were of a simple type — changes in the polarity of a planar interface.

With self-assembled monolayers it is easy to introduce disorder in the surface, include
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other functional groups at the surface, or vary the depth of carboxylic acids beneath the
monolayer-liquid interface.5.6:44 Such monolayers could yield valuable information on the
effect of environment or specific interactions on acidity at interfaces. To use contact angles
as an accurate probe of the acidity of such monolayers, however, we must first improve

our understanding of contact angle titrations in particular, and reactive spreading in general.
Experimental

- Materials. The gold substrates for these experiments were prepared by either
thermal or electron-beam evaporation of 10002000 A of gold onto 3-in. silicon (111)
wafers (Monsanto), which had been pre-coated with SO A of chromium to improve
adhesion. These procedures produce polycrystalline films with a strong (111) texture,14.65
The wafers were stored in polypropylene containers (Fluoroware) until use, which was
generally within one day of evaporation. Ethanol (US Industrials Co.) was deoxygenated
with bubbling nitrogen. Hexadecane (Aldrich, 99%) and cyclooctane (Aldrich, gold label)
were percolated twice through neutral, Grade 1 alumina, after which they passed the
Bigelow test.56 Perfluorodecalin (PCR) was distilled and percolated through neutral,
Grade 1 alumina. Water was deionized and then distilled in a glass and Teflon still.
Undecanethiol and 11-mercaptoundecanoic acid were available from previous studies.3.15
Polyethylene carboxylic acid (PE-CO,H) was provided by S. R. Holmes-Farley and was
prepared by chromic acid oxidation of LDPE film according to established procedures.11

Prepar.;ation of Monolayers.5? The gold-coated wafers “'lcrc cut into slides (ca.
1 cm x 3 cm), rinsed with ethanol, and blown dry with a stream of argon before being
immersed in solutions of thiols overnight at room temperature. These solutions were
freshly prepared in deoxygenated, absolute ethanol. The mole fractions of undecanethiol
and 11-mercaptoundecanoic acid were varied while keeping the total concentration of thiols

in the solutions constant at 1 mM.
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Contact Angles. All measurements of contact angles were advancing angles and
were performed with a Rame-Hart Model 100 goniometer. (1) Measurements under air.
Slides were removed from the solutions from which the monolayer had been adsorbed,
rinsed with ethanol, blown dry with argon and placed in an environmentally controlled
chamber near 100% relative humidity. A 1-pL drop of distilled water (2-uL for contact
angles over ~80° to improve accuracy) was formed at the end of a PTFE-coated, blunt-
ended needle. The needle was lowered until the drop touched the surface and then
removed. As the drops detached themselves from the needle they advanced over the
surface. (2) Measurements under cyclooctane and perfluorodecalin. To measure
contact angles under cyclooctane and perfluorodecalin, we replaced the environment
chamber with a glass tank containing two supports upon which a slide could be placed.
Both perfluorodecalin and cyclooctane were saturated with distilled water before being
placed in the tank. In cyclooctane, a drop of water was formed at the end of a needle, as
above, lowered through the cyclooctane to the surface of the gold slide, and the needle was
then removed. For contact angles over about 140° the drop of water adhered better to the
needle than to the surface: for these surfaces drops of water were allowed to sink through
the cyclooctane onto the slide. In perfluorodecalin, the samples were placed upside down

“on the supports, and drops of water were raised until they touched the lower surface of the
sample (captive drop technique). The contact angles on samples of PE-CO;H immersed in
perfluorodecalin changed with time (Figure 5). Stable contact angles were obtained by
immersing the polyethylene in the perfluorodecalin for at least ten minutes before placing a
drop of water on the surface, and waiting a further ten minutes before measuring the
contact angles.

Titrations. Each titration of a monolayer on gold was performed on a single
sample. Due to the reconstruction of polyethylene, we used a fresh sample for each pH for
the titration of PE-CO,H under perfluorodecalin. The gold slides were rinsed successively
with ethanol, 0.1 N HCI, distilled water and ethanol, and then blown dry with argon
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Figure 5. Contact angles of water at pH 4 on PE-CO,H immersed in perfluorodecalin.
Filled circles: initial contact angles of drops of water placed on the surface after the sample
had been immersed in perfluorodecalin for T mins. Open circles: contact angles of a drop
of water placed on the surface fifteen minutes after the sample had been immersed in
perfluorodecalin; the abscissa represents the time after the drop was placed on the surface.
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between each set of measurements. This cleaning procedure was necessary to keep
contamination to acceptable levels. Each set of measurements comprised, where possible,
eight drops at two different values of pH, placed alternately along the slide. For contact
angles near zero, fewer drops than this could be placed on the slide at one time (a minimum
of six measurements — both sides of three drops — were made for all the aqueous
solutions that did not wet the surface). The contact angles were measured in the following
order: 5,8,7,2,9,4, 10,6, 3, 12, 11, 13. On the 41% acid surface, the contact angles at
four values of pH were remeasured after the titration: the maximum difference between
measurements at the saﬁxe pH was 4°. All the buffers were 0.05 M, with the exception of
the pH 11 buffer which was 0.1 M. The following buffers were used for the titrations
under cyclooctane: malonic acid (pH = 2, 3), sodium phosphate (4, 12), acetic acid (5),
maleic acid (6), HEPES (7, 8), boric acid (9, 10) 1,3-diamino-2-propanol (11), and KCl
(13). The pH of the buffers was within 0.1 unit of the values stated.
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acidic carboxylic acid, such as an ,x-difluoro acid. Using mixed monolayers of this

compound with the methyl-terminated thiol of the same chain length, we could probe a
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greater range of pH above the pKa. We have not yet completed the syntheses of sach
compounds.

60 Hare, E. F.; Zisman, W. A. J. Phys. Chem. 1955, 59, 335-340.

61 Biebuyck, H. A.; Bain, C. D., unpublished results.

62 De Gennes, P. G. Rev. Mod. Phys. 1985, 57, 827-863.

63 This possibility was also raised by the authors.!! When a drop of sulfuric acid was
placed on a surface of polyethylene containing covalently-bound, fluorescent dansyl
groups, fluorescence was extinguished by protonation of the dansyl groups outside the
region confined by the observed drop boundary, in addition to the surface beneath the drop
(Holmes-Farley, S. R., unpublished results).

64 In a dilute solution t+ .~ s insufficient adsorbate in the precursor film to form a densely
packed monolayer. £ ..cn at high concentration, if formation of a monolayer were
sufficiently slcw, a drop could advance over the surface before a monolayer had time to
adsorb frum the precursor film.

65 Chidsey, C. E. D.; Loiacono, D. N.; Sleater, T.; Nakahara, S. Sw7. Sci. 1988, 200,
45-66.

66 Bigelow, W. C.; Pickett, D. L.; Zisman, W. A. J. Colloid Sci. 1946, I, 513-538.

67 Full experimental details may be found in Refs. 3 and 15.
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Fi aption

Figure 1. Advancing contact angles measured with sessile drops under air on PE-CO2H as
a function of the pH of buffered aqueous drops (after Ref. 11). The dashed line indicates

the value of pKj 2, the value of the pH at the midway point in cos 0 between the plateaux at

low and high pH.

Figure 2. Advancing contact angles of unbuffered, distilled water (pH = 5.3, filled
circles) and hexadecane (open circles) measured with sessile drops under air on monolayers
adsorbed onto gold from solutions containing mixtures of HS(CH3)10CH3 and

ﬁS (CH3)10CO2H. The abscissa represents the mole fraction of HS(CH3);0CO2H in

solution.

Figure 3. Advancing contact angles of buffered, aqueous solutions measured with sessile
drops under cyclooctane on mixed monolayers of HS(CHj3)10CH3 and HS(CH3),0CO2H,
plotted as a function of pH. The curves are labelled by the proportion of the chains in the
monolayér that were terminated by a carboxylic acid group. The composition of the
monolayer was determined by comparing the contact angle of water under air with

monolayers whose compositions had been established by XPS (Ref. 5).

Figure 4. Advancing contact angles of buffered, aqueous solutions measured with captive
drops under perfluorodecalin as a function of pH: PE-CO2H (diamonds); monolayer of
HS(CH?2)10CO2H (open circles); monolayer adsorbed from a 1:1 mixture of
HS(CH3)10CH3 and HS(CH3)10CO2H (filled circles).
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Figure 5. Contact angles of water at pH 4 on PE-CO2H immersed in perfluorodecalin.
Filled circles: initial contact angles of drops of water placed on the surface after the sample
had been immersed in perfluorodecalin for T mins. Open circles: contact angles of a drop
of water placed on the surface fifteen minutes after the sample had been immersed in

perfluorodecalin; the abscissa represents the time after the drop was placed on the surface.
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